From the methanol extract of boron deficient Olea europaea leaves, two secoiridoid glycosides, not detected in leaf extracts of untreated plants, 6
The genus Olea comprises approximately 40 species and subspecies distributed in Europe, Asia, Africa, and Oceania. 1) Among them, Olea europaea is the one with the widest distribution. O. europaea var. europaea is the oldest cultivated sub-species within the Mediterranean basin. It has been cultivated since antiquity for its drupes and high yield of olive oil.
Due to the significant role it plays in the Mediterranean diet and the protective effect in health which is associated with its content, O. europaea has been extensively studied for its chemical composition. The plant is known to produce a wide range of phenolic compounds, such as flavonoids, phenylethanoid glycosides, and simple phenolics, like hydroxytyrosol, which are distributed in various tissues.
2) It is also known to produce large amounts of secoiridoid conjugates with phenolics, such as oleuropein and lingstroside. 3, 4) But little is known about how these metabolites are influenced in the case of metabolic stress in the plant originating from nutrient disorders.
Boron deficiency is the most frequent micronutrient disorder in olive orchards. Accumulation of aromatic secondary metabolites by various stresses such as nutrient deficiencies is common in higher plants. 5) In particular, the induction of phenylpropanoid metabolism by boron deficiency is well documented. [6] [7] [8] On the other hand, there are no reports on the effects of nutrient deficiencies on the secondary metabolites derived from the mevalonic acid pathway. Moreover, few studies have focused on the effects of mineral nutrition on specific compounds, even though several researchers have proposed that apart from general metabolic responses to external stimuli, plants respond to stress by developing and maintaining high concentrations of distinct secondary metabolites with specific properties.
5)
The aim of this study was to investigate the impact of boron deficiency on the secoiridoid chemistry of hydroponically grown olive plants. In this paper, we report on the isolation and identification of two new (1-2) secoiridoid glucosides and as three known ones, secologanoside (3), oleuropein (4), and oleoside dimethylester (5). 
Materials and Methods

General
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(B) methanol and (C) acetonitrile using a linear gradient of 35 min. Flow elution: 0.8 ml/min; injection volume: 15 ml. UV-vis spectra were recorded in the range 200-450 nm and were monitored at 240, 254, 280, 330 and 350 nm. The HPLC system was interfaced with a HP 1100 MSD API-electro spray (Hewlett Packard, Palo Alto, CA). The interface geometry, with an orthogonal position of the nebulizer with respect to the capillary inlet, allowed the use of analytical conditions similar to those of the HPLC-DAD analysis. The same column, mobile phase, time period, and flow rate were used. Mass spectrometry operating conditions were optimized in order to achieve maximum sensitivity values: gas temperature 350 C at a flow rate of 0.800 l/min. The nebulizer pressure was 40 p.s.i., the quadrupole temperature 30 C, and the capillary voltage 3,500 V. Full-scan spectra from m=z 100 to 800 in the negative ion mode were obtained (scan time 1 s). The fragmentor was 180 eV. UV spectra were recorded on a Shimadzu UV-160A spectrophotometer. IR spectra were recorded in a Perkin-Elmer Paragon model 500 (FT-IR) spectrometer. , pH 6.5 adjusted with KOH. Boron was supplied as boric acid at 0.5 or 0.0 mM (plant material from both concentration treatments was pooled for chemical analysis since both were boron deficient). For analytical HPLC, samples from hydroponically grown olive plants, either control, B+ (receiving adequate amounts of boron as 23 mM boric acid) or deficient, BÀ (receiving no boron from the nutrient solution), and healthy plants grown in soil outdoors were used.
Extraction and isolation. For analytical HPLC, fresh leaf samples were homogenized in aqueous methanol 80%. The clarified supernatant of the extract was passed through a Chromafil RC-20/25 membrane filter (Macherey-Nagel, Düren, Germany), and injected in a Jasco HPLC system equipped with a UV-970 detector (Jasco, Tokyo). HPLC separations were performed in a Zorbax Stablebond SB-C 18 column (5 mm particle size; 250 Â 4:6 mm; Agilent Technologies, Palo Alto, CA). Solvents were aqueous 1% H 3 PO 4 (A) and MeCN (B), and the elution was performed as follows: initial conditions 84.6:15.4 (A:B), gradient to 80.1:19.9 in 15 min, isocratic for 3 min, gradient to 59.4:40.6 in 22 min, gradient to 0:100 in 1 min, flow rate 1 ml min À1 , column temperature 30 C, detection at 221 and 313 nm. For preparative studies, dry boron-deficient leaves (0.2 kg) were extracted at room temperature with aqueous methanol 80%. The residue (32.0 g) was subjected to reversed phase VLC over silica gel (10 Â 6:5 cm) with H 2 O-MeOH mixtures of decreasing polarity to yield 23 fractions (A-T) of 1 l.
Fraction I (2.5 g; eluted with H 2 O-MeOH 80:20) was applied to column chromatography (CC) over Sephadex LH-20, and then subjected to CC over silica gel using mixtures of CH 2 Cl 2 -MeOH-H 2 O of increasing polarity afforded oleoside dimethylester (5) Tables 1 and 2 .
Results and Discussion
Structure elucidation
From the methanolic extract of boron-deficient leaves of O. europaea, five secoiridoid glucosides (1-5) were isolated. Compound 1 was identified as 6
0 -E-p-coumaroyl-secologanic acid by 1D, 2D NMR spectroscopic analysis and by LC-MS analysis. The ESI-MS spectrum of compound 1 showed a pseudomolecular peak at m=z 535.1 ½M À H À , indicating a molecular weight corresponding to a molecular formula of C 25 H 28 O 13 . The IR spectrum showed absorption bands typical of hydroxyl (3,378 cm À1 ), ,-unsaturated ester and unsaturated carboxyl (broad band at 1,695 cm À1 ), carboxyl group (1,638 cm À1 ) and aromatic rings (1,605 and 1,515 cm À1 ). The 1 H NMR, 13 C NMR spectra (including DEPT 135) and HSQC spectra of 1 showed typical signals of a secoiridoid moiety. Besides the 10 carbon signals of the secoiridoid nucleus, the 13 C NMR spectrum of 1 exhibited 6 carbon resonances belonging to a sugar moiety, and 9 carbon signals indicating the presence of one acyl group. Accordingly, the 1 H NMR spectrum showed typical signals of a secologanic acid type iridoid and signals belonging to an E-p-coumaroyl moiety. The olefinic proton at 7.49 was assigned to H-3 of the secoiridoid nucleus. Its chemical shift suggested the presence of a carboxyl group on C-4. Furthermore, in the olefinic area of the 1 H-NMR spectrum at 5.60, 5.25 and 5.22 there appeared three protons forming a vinyl group which were assigned to protons H-8, H-10a, and H-10b respectively. Finally, the doublet at 5.35 was assigned to H-1 whose chemical shift indicated that it was the glycosylation site. This finding was further supported by HMBC crosspeak between H-1/C-1 0 . In the aromatic Hz, H-10b), one olefinic proton, which was assigned to H-3 of the iridoid nucleus, and two methylenic protons neighboring to a carboxyl group, shifted downfield at 3.00, 2.27-2.16, which were assigned to H-6a and H-6b of the secoiridoid. Furthermore, a doublet resonating at 4.66 (J ¼ 8:0 Hz) suggested the presence of a -glucose moiety. The HMBC experiment proved the attachment of glucose on C-1 of the secoiridoid. NOE crosspeaks between H-5/H-9 and H-8/H-6 showed that these protons had the same orientation. This finding was further supported by the 1 H-NMR spectrum in which a coupling constant of 4.0 Hz was observed between H-5 and H-9. Chemical shifts of H-1 and C-1 corroborated the conclusion that the relative stereochemistry in position 1 is the same as in secologanoside. Therefore, the secoiridoid was a derivative of secologanoside. The remaining signals revealed the presence of a monoterpenic acid. From COSY, as well as HSQC and DEPT experiments, the following sequences were assigned: HO-CH 2 (8 00 )-CH 2 (7 00 )-, CH 3 (10 00 )-CH(6 00 )-and CH 3 (9 00 )-C= CH(3 00 )-CH 2 (4 00 )-. HMBC connectivities established the structure, as shown (Fig. 1) . In particular, crosspeaks between methylene protons H-8 00 and methyl protons H-10 00 with methinic carbon C-6 00 suggested that the first two fragments should be united as follows: HO-CH 2 (8 00 )-CH 2 (7 00 )-CH(6 00 )-CH 3 (10 00 ). Further crosspeaks between the olefinic proton H-3 00 , the methylene protons H-4 00 , and the methyl protons H-10 00 with carbon C-5 00 were useful to combine the third fragment with the previous two. Finally, crosspeaks between H-3 00 and CH 3 (9 00 ) with a carbonyl group at 169.7 revealed the presence of a carboxyl group on C-2 00 and completed the monoterpenic skeleton. This carboxylic acid esterifies the hydroxymethyl group of glucose as proved in the HMBC spectrum by a crosspeak between H-6 0 a/H-6 0 b and C-2 00 . The NOESY spectrum was helpful to determine the stereochemistry of the 2 00 , 3 00 double bond to be cis [CH 3 (9 00 )/H-4 00 ], but due to proton overlapping the relative stereochemistry of the asymmetric carbon C-6 00 remained unclear. Therefore, the proposed structure for compound 2 is 6
On the basis of 1 H-and 13 C-NMR as well as LC-MS data, compounds 3-5 were identified as secologanoside (3), 10) oleuropein (4), 11) and oleoside dimethylester (5).
12) Compounds 1-2 are derivatives of secologanoside. Up to now few oleoside-type secoiridoids have been isolated from Olea sp. 2, 13) With the exception of oleuroside, 14) an isomer of oleuropein, differing in the position of the olefinic double bond this is the first report of secologanoside derivatives in the genus Olea. It is also the first report of secologanoside in the genus.
Physiological impact of the accumulation of secoiridoids
The experimental treatment had a notable effect on plant boron status. In particular, in leaves of control (B+) plants, boron concentrations ranged from 1.07 to 1.68 mmol B kg À1 dry weight, while in deficient plants (BÀ) boron concentrations ranged 0.53 to 0.91 mmol B kg À1 d.w. depending on leaf age (Liakopoulos, unpublished results). Boron deficient leaves showed typical symptoms of boron deficiency, including a smaller leaf surface and a yellowish appearance due to a lower concentration of chlorophylls. Previous studies have shown that the profile of secondary metabolism in Olea europaea is highly affected by boron deficiency. 9) Apart from the induction of the shikimic acid pathway and the increase in total phenolics, leaves accumulate specific phenolic structures that might be related to the particular stress. 9) As part of our study concerning the physiological factors related to the adaptation of plants to boron deficiency, we investigated the characteristics of the pool of secoiridoids, a significant class of secondary metabolites of Olea europaea. According to our results, new structures, as well as previously reported iridoids, were detected in leaves of Olea europaea under boron- deficiency. Analytical HPLC was used to confirm the presence of compounds 1 and 2 in leaf extracts of borondeficient plants (Fig. 2) . Peaks corresponding to compounds 1 (t R 26.19 min) and 2 (t R 31.36 min) were present in leaf extracts of boron-deficient leaves at concentrations of 2.3 mg g À1 f.w. (compound 1) and 2.9 mg g À1 f.w. (compound 2). Furthermore, the extracts of boron deficient plants were compared with leaf extracts of untreated plants. According to the results, neither of these two compounds occurred in control extracts (Fig. 2) . To verify that the artificial growth conditions or the hydroponic cultivation system had no effect on plant status with respect to the presence of compounds 1 and 2, we compared control extracts from outdoor and hydroponically grown B+ samples. The HPLC profiles between outdoor and hydroponically grown B+ samples were almost identical, indicating that artificial growth conditions had no noticeable effect on the secondary metabolism of the leaves (data not shown). The above results suggest that compounds 1 and 2 can be synthesized by the plant as a physiological response to boron deficiency. The appearance of new structures deserves elucidation of a possible physiological function. Although inadequately studied, 15) iridoids have been characterized as defensive molecules since they exhibit antiherbivory, 16) antibacterial, 4, 17) allelochemical 18) and antioxidant 17, 19, 20) activity. Moreover, some iridoid glycosides have been characterized as phloemmobile defensive compounds and might be important factors in protecting growing organs from herbivores and pathogens. 21) In addition to defense against pathogens and phytophagous enemies, antioxidant protection could be welcome, since oxidative damage accumulates in cells under boron deficiency. 22) The in vivo action of iridoids in Olea europaea under boron deficiency merits further research.
